Climate variability and change affect electricity generation in several ways. Electricity generation is directly dependent on climate/weather parameters like wind (wind power generation) or air temperature and resulting water temperature (thermal power plants). River discharge as a result of precipitation and temperature, the latter being one main factor influencing evapotranspiration, is important for hydro power generation and cooling of thermal power plants. In this study possible effects of climate variability and change on electricity generation in Germany are analyzed. Considered is electricity generation by thermal power plants, wind power plants and hydro power plants. While hydro power plants and thermal power plants are affected negatively due to declining river discharge or higher water temperatures, for wind power generation no clear tendency was found. The reduction for hydro power generation could be leveled out by a slight increase in installed capacity and modernization of turbines and generators. By a replacement of old once-through cooling systems by closed-circuit cooling systems for new thermal power plants the negative impacts on electricity generation can be reduced significantly. The planned increase of installed capacity for wind power generation clearly surpasses the changes arising from climate change.
Introduction
There is a close connection between electricity generation and climate variability and change. Electricity generated by combusting fossil fuels is a mayor driver of anthropogenic climate change, while the effects of hydro power generation on climate are still debated. Some authors argue that methane emissions from reservoirs strongly contribute to climate change. Electricity generation is dependent on climate/weather parameters. For instance the electricity generation by hydro power plants is strongly connected to river discharge and hence on rainfall and evapotranspiration. Most thermal power plants are using water in production and cooling processes. About 65 percent of the water withdrawn in Germany is used in thermal power plants (UBA, 2010) , making it the largest water user, whereby the major part is discharged back into the surface waters. These power plants are conventionally fired (e.g. use coal or gas) or use renewable sources (e.g. biomass). In the latter case also the production of the fuel itself depends on climate/weather parameters (cf. Gutsch et al. 2015) . Other types of electricity generation, e.g. wind or solar power, make direct use of climate/weather phenomena and therefore are directly depending on these. During the last years the possible effects of climate change on thermal power plants have been analyzed in several studies for different regions and countries. Hurd and Harrod (2001) found a large span of economic losses for thermal power plants in the US depending on the region studied. For the city of Boston, US, Kirshen et al. (2008) show an increasing water demand of thermal power plants and increasing heat loads in the river systems. Cooling water shortages are assumed to lead to economic losses for electricity producers. Feeley et al. (2008) analyzed scenarios for thermal power plants with different cooling systems and a set of future energy demand trends for the US. Depending on the scenario water demand is decreasing by up to 30 percent by 2030. Scenarios with different development trends for the economy and corresponding assumptions for future power plant capacities, cooling systems and water demand for the city of Berlin, Germany, have been analyzed by Koch et al. (2012) . They show that due to technological progress and by adaptation of cooling systems negative effects of climate change can be reduced significantly. Förster and Lilliestam (2010) and Linnerud et al. (2011) analyzed the effects of climate change on nuclear power plants and estimate occurring costs. Using a statistical model Linnerud et al. (2011) find that a 1°C increase of air temperature leads to a reduced electricity generation of approximately 2 percent, mostly due to environmental restrictions for cooling water temperature and withdrawal quantities.
Van Vliet et al. (2012) analyzed the impacts of climate change on thermoelectric power plants in the US and nuclear power plants in Europe. They use a large scale coupled hydrological water temperature model with biascorrected global climate model outputs. Germany had been excluded because of the German phasing-out decision on nuclear power plants. Hoffmann et al. (2013) present an approach to estimate climate effects on performance losses of thermal power plants. They apply this approach to selected power plants in Germany, but point out that in their analysis no detailed hydrological modelling was included.
The electricity generation by hydro power plants has a significant share on renewable electricity generation in Germany. Although the installed capacity has slightly increased in the last years, its overall share on renewable electricity generation has declined from 91 percent to 20 percent from 1990 to 2010, respectively (BUNR, 2011) . This decline is due to the sharp increase in installed capacity and generation of wind and solar power plants. However, because hydro power generation can deliver base-load and peak-load electricity this type of production will play an important role also in future (renewable) electricity generation.
According to Aguiar et al. (2002) hydro power generation is the sector strongest affected by climate change in Portugal. For Austria an increase in electricity generation between 4 to 10 percent until 2040 is expected, depending on the climate scenario used (KlimAdapt, 2010) . By the end of the century mostly negative effects are assumed. Compared to the reference period a decline of up to 10 percent is assumed. For the Upper Danube, i.e. the German part of the Danube river, a reduction of electricity generation between 8 to 16 percent until 2060 was calculated by . Schaefli et al. (2007) simulate a decline of electricity generation of 36 percent for small catchments in the Swiss Alps for 2070 to 2099, compared to the control run. For parts of Norway Seljom et al. (2011) calculate an increase of more than 20 percent by 2050, while for other parts of Norway a reduction of 10 percent is calculated. Lehner et al. (2005) give a rough estimation for Europe. For northern parts of Europe they simulate an increase of 25 percent, for parts of southern Europe a decrease of 25 percent is given. For the Elbe river basin in Central Europe a decrease of 13 percent by 2050 compared to 2010 is simulated by Grossmann and Koch (2011) .
The production by wind power plants delivers an important contribution to the increasing share of renewable electricity generation in Germany. The installed capacity has increased strongly over the last 20 years in Germany. According to BUNR (2011) In terms of climate change effects on wind power production for different regions the findings are divers.
According to Pryor et al. (2005a/b) for northern Europe positive effects can be expected, especially for winter. Seljom et al. (2011) find only small changes for Norway. Brayshaw et al. (2011) simulate changes of up to 10 percent for Great Britain. Regarding off-shore wind power generation Barstad et al. (2012) find small negative effects, while they point to the wide spread of their results. Koch and Büchner (accepted) use two runs from the regional climate model CCLM to assess the effects of climate change on wind power production in Germany. The overall effects are rather small, however they find positive trends for winter and negative trends for summer, while the northern parts of Germany profit strongest and for some southern parts negative signals are found.
For Germany there are only a few studies analyzing possible effects of climate change on electricity generation. However, these studies have either a regional focus, e.g. one Federal State, or only one type of electricity generation is considered, e.g. hydro power plants, thermal power plants, or wind power plants.
In this paper possible effects of climate change on electricity generation in Germany are analyzed. Changes in environmental legislation or technologies are not considered. Negative aspects of the different generation types, e.g. greenhouse gas emissions from thermal or hydro power plants, effects of wind power plants on local climate or (migratory) birds etc., are not discussed. The results presented should be seen as a general overview in which regions and to what magnitude the analyzed sectors can be affected by climate change. It is not intended to provide in-depth local information. For the latter more data, e.g. on water use (thermal power plants), management of reservoirs (hydro power) and local land use (wind power), are required.
2 Data, models and methods
Thermal power plants
Water shortages and environmental regulations, e.g. regarding water temperature, are affecting the production of thermal power plants. The main use of water in thermal power plants in Germany is for cooling; the water demand for other processes is rather small. The amount of water required for cooling depends mainly on waste heat to be discharged and the cooling system applied. If the waste heat is not used for local or district heating (combined heat and power generation) it is discharged. In Germany most thermal power plants are using water dependent cooling systems. These systems can be divided into three main types: i) once-through cooling, where water is withdrawn from a body of water and used for cooling in the condenser, subsequently it is returned into the body of water; the amount of water required for this type of cooling is considerable;
ii) once-through cooling with cooling tower, where water is cooled down in a cooling tower before it is returned, the potential heat load on the body of water is reduced; and iii) closed-circuit cooling, the heated water is cooled down in a cooling tower and led back to the condenser; the amount of water required for this type of cooling is small.
Beside these technical aspects environmental conditions and regulations differ for individual power plants. For instance temperature thresholds for cold water rivers (salmonid waters) are different from those for temperate rivers (cyprinid waters). These temperature thresholds are usually set for maximum discharge water temperature and mixed water temperature downstream of the plants discharge. Also a threshold for maximum water withdrawal exists usually. Depending on site specific conditions other restrictions to the operation of thermal power plants can apply. In general the production is reduced gradually if one of the thresholds is approached and fully stopped if one of the thresholds is crossed.
Due to the listed specifications regarding cooling systems, environmental conditions and regulations an individual analysis for thermal power plants is needed if precise results for climate change impacts on electricity generation are desired. If the site specific data needed are not available only a rough estimation is possible. Koch and Vögele (2013) use site specific data for nuclear power plants to develop an approach to simulate water temperature, water demand and production losses. In Koch et al. (2014) this approach is applied to 17 nuclear power plants in Germany to assess possible effects of climate change on electricity generation. From these results an approach is developed that can be used for a more general assessment.
In this approach water temperature is the main parameter affecting electricity generation. Depending on the cooling system, i.e. with or without cooling tower, different water temperature thresholds are derived (see Fig. 1 ). Also shown are observed data as given in Deutsches Atomforum (2004 Atomforum ( , 2007 For most rivers, in Germany cyprinid waters, temperature thresholds of 23°C (without cooling tower) and 26°C (with cooling tower) are estimated. Reaching these thresholds the production must be reduced gradually. Production must be stopped fully when the maximum discharge or mixing temperature are reached. For salmonid waters (not displayed), e.g. river Isar in Bavaria, thresholds of 20°C (without cooling tower) and 24°C (with cooling tower) are derived. The temperature threshold of 23°C used for cyprinid waters and power plants without cooling tower corresponds to the threshold used by van Vliet et al. (2012) .H o w e v e r ,i n their simulations no differentiation between cooling systems, e.g. without and with cooling tower, and river type, e.g. cyprinid and salmonid waters, is made.
A comparison of results obtained for nuclear power plants using the approach of Koch and Vögele (2013) and using the described general approach shows that the later can be used to derive long term average effects of climate change. In this sense it can be applied to identify regions where power plant operators should expect restrictions on power plants operation. However, the approach can not be used for extreme conditions. Thermal power plants using other sources than surface water, e.g. pumped mine discharges, or power plants used to produce heat for production processes are not included.
For 65 gauges in Germany river discharge is simulated using the ecohydrological model SWIM (see Hattermann et al., 2015) . SWIM has been validated for the hydrological processes in Germany by Huang et al. (2010) and widely been used for climate impact assessments in different studies (see e.g. Hattermann et al., 2011 , Hattermann et al., 2008 . Thermal conditions in the surface waters next to the power plants were simulated using a water temperature model developed for the river Elbe by Koch and Grünewald (2010) . Based on this model for the 65 gauges related water temperature models were developed. To be applicable to different gauges and river basins with diverse characteristics the model was extended. For some gauges beside air temperature the river discharge was included in the water temperature simulation. For river basins with huge lakes or reservoirs upstream of the gauges a hysteresis model was used, because of thermal storage effect of these water bodies. Results of the adapted water temperature models for the locations of nuclear power plants in Germany are given in Koch et al. (2014) .
Hydro power generation
Hydro power plants can be used to generate peak-load, mid-load or base-load electricity. While the first are often pumped storage plants the other two are usually placed at reservoirs or are run-off-river plants. The electricity generated by hydro power plants depends mainly on the fall height and the quantity of water passing the turbines. The maximum fall height and the maximum capacity of the turbine are setting the plant-specific limits.
Plant-specific data like maximum fall height and maximum turbine capacity are not available for several thousand hydro power plants in Germany. Furthermore reservoirs upstream of a hydro power plant can change the annual cycle of river flow. Lehner et al. (2005) apply separate functions for hydro power plants at reservoirs and for run-off-river plants. They argue that hydro power generation at reservoirs is less susceptible to changes in the annual cycle of river flow because of their storage effect. However, an analysis of the location of hydro power plants in Germany shows that most hydro power plants at reservoirs are located in the head waters while run-off-river plants are located downstream of these reservoirs. Therefore the storage effect of the reservoirs applies also to run-off-river plants.
From a project analyzing climate change effects on water availability in the Czech-German Elbe river basin data about changes in hydro power generation were available (Grossmann and Koch, 2011) . Data for 118 hydro power plants, 27 reservoir plants and 91 run-offriver plants, were reported in this project. Simulation results for mean annual river discharge and mean annual electricity generation at these 118 hydro power plants were normalized (see Fig. 2 ). Thus changes in discharge and electricity generation can be treated independent of their magnitude. By using mean annual values innerannual variations due to reservoir management must not be considered, because very few reservoirs are intended for over-year-storage. The relationship found is:
where ∆MQ is the difference to the normalized mean discharge and ∆y is the change in mean annual electricity generation. According to function (2.1) the effects of changes in the mean annual river discharge are buffered, i.e. a change of mean annual river discharge by 50 percent leads to a change of 40 percent with regard to mean annual electricity generation. For 38 gauges in Germany river discharge is simulated using the ecohydrological model SWIM (see Hattermann et al., 2015) . These gauges are located along the most important rivers and their tributaries.
Wind power generation
In the simulations of climate change effects on wind power generation a power curve as described in Akdag and Güler (2011) or Koch and Büchner (accepted) is applied. An horizontal-axis wind turbine with a hub height of 100 m and blades of 50 m length is simulated. The wind turbine does not produce as long as the wind speed is below 4 m/s. Above this threshold the utilization increases up to a wind speed of 15 m/s and is utilized by 100 percent for wind speeds below 30 m/s. The wind turbine is shut down if the wind speed threshold of 30 m/s is surpassed.
The applied power curve is only one type of a number of possible power curves. In future times much higher hub heights and lower or higher thresholds can be valid. The future scenario runs do not include any new technologies or changed power curves for wind power generation. Therefore, only climate change effects are considered.
Usually wind speed is fluctuating in the course of a day (see Fig. 3 ). Therefore it is important to include these fluctuations in the modelling of wind power generation accordingly. However, since the STARS model (see next section) delivers daily values only a reliable way to include these fluctuations in the assessment of climate change on wind power generation is needed.
Hourly wind speed measurements from different stations of the German Weather Service (Deutscher Wetterdienst DWD, Augsburg, Cuxhaven, Kassel, Potsdam) were available. On the example of the DWD-station Potsdam (Telegrafenberg) the differences between the application of daily and hourly time intervals for the simulation of wind power generation is shown.
From the hourly station data daily averages were calculated. The data for the hourly and daily time intervals were extrapolated to a height of 100 meter above ground using the logarithmic wind profile (Hoogwijk et al., 2004) :
where H is the hub height (m), V H is the wind speed at H (m/s), M is the anemometer height, and z 0 is the roughness length of the surface (m). In this function no thermal effects on wind speed are included.
Using the hourly and daily data, and applying the power curve described above, the utilisation for the Potsdam station was calculated. As shown in Fig. 5 the generation calculated for daily and hourly time intervals deviate strongly, especially for low and high wind speed. For low daily wind speed, i.e. lower than or at approximately 4 m/s, the calculated generation is lower than for the hourly generation. This is because the lower threshold of 4 m/s is effective and no generation is calculated. However, during days with an average daily wind speed of 4 m/s there are times where hourly wind speed is higher than this threshold (see Fig. 3 ). The opposite can be found for wind speed of approximately 15 m/s. For wind speed of 15 m/s and beyond an utilisation of the wind power plant of 100 percent is calculated (the upper threshold of 30 m/s is not crossed in the measured data). During days with an average daily wind speed of 15 m/s there are times where hourly wind speed is lower than this threshold and a generation less than 100 percent is calculated. Therefore the generation for the hourly data is lower than for the daily data.
Due to the deviation between the calculated generation using hourly and daily time steps a way to minimize the differences is required. The main problem is the fluctuation of the hourly data around the daily mean value, especially at the thresholds. To incorporate this fluctuation in the daily time step calculation, for all days the average daily wind speed was calculated from the hourly data. These daily data then were grouped, e.g. all days with an average wind speed between 3.95 m/s and 4.05 m/s into the group 4.00 m/s etc. For each group the standard deviation was calculated from the hourly data (see Fig. 3 for the group 4.00 m/s). These calculations were repeated for separate months. No difference of the standard deviation compared to the calculation of all data, i.e. without considering season or month, was found. The average daily wind speed and the corresponding standard deviation calculated from hourly data were plotted. Parameters for a function to calculate the standard deviation depending on average daily wind : Calculated production of a wind power plant (data: DWD-station Potsdam Telegrafenberg) using hourly data, daily data and daily data including standard deviation of hourly data speed were determined (see Fig. 4 ). Due to the low number of days with wind speed above 12 m/s there were not enough data to calculate a reliable value for the standard deviation.
For each day the standard deviation was added and subtracted from the daily average. Both of these calculated values were extrapolated to a height of 100 meter above ground using the logarithmic wind profile and used for the power curve. Therefore for each day two values for the generation were calculated and the mean of these was used as daily generation. As shown in Fig. 5 most of the daily results including the standard deviation are much closer to the 1:1-line than those when applying the daily mean only. The correlation increases from 0.988 to 0.992, and the BIAS is reduced from −17.1 percent to +1.4 percent. Wind speed data for the DWD-station Potsdam (Telegrafenberg) are available from 1893 onward. It has declined markedly during this time, e.g. because of the growing of tall trees. However, it can not be ruled out that other effects like changed measurement devices may also have affected the data. While the mean wind speed for the time period 1901-1930 was 5.22 m/s for the time period 1981-2010 it was 4.16 m/s. These changes give the opportunity to test the presented approach. In Fig. 6 the changes in the generation between 1901-1930 and 1981-2010 using hourly, daily and daily including standard deviation data are presented. While the calculations for daily data show a strong deviation from the calculations using hourly data, the differences using daily data including the standard deviation are rather small.
Wind speed data from the other named DWDstations, which are located in northern (Cuxhaven), central (Kassel) and southern (Augsburg) Germany presenting different local conditions, are used to test the approach. By using the daily data including the standard deviation the quality of the results increases comparable to the results presented for DWD-station Potsdam (Telegrafenberg).
For the extrapolation of measured wind speed applying the logarithmic wind profile anemometer heights (m over ground) for 146 stations were delivered by DWD while the roughness length of the surface (z 0 )for these stations was estimated using the CORINE land cover dataset (Corine Land Cover, 2006) . In Fig. 7 the average generation simulated for these 146 DWDstations is displayed (reference period 1981-2010) . Also shown is the long-term wind speed at 80 m over ground as calculated by the DWD (2008). Except for mountain ranges the wind speed decreases from the northern to the southern parts of Germany. As can be seen in the inset of Fig. 7 for the Harz Mountains, for higher ranges (here Brocken Mountain) high wind speed and generation is Figure 6 : Calculated changes in wind power production using hourly data, daily data and daily data including standard deviation of hourly data calculated, while for valleys low wind speed and generation is calculated. However, due to the low number of stations available and the strong local effects of surrounding terrain an interpolation between these stations is not reasonable.
Climate scenarios
To assess the possible effects of climate change on electricity generation by thermal power plants, hydro power plants and wind power plants, scenarios as described in Gerstengarbe et al. (2015) are applied. In this study scenarios of two Representative Concentration Pathways (RCP) are used, RCP 2.6 and RCP 8.5. The first scenario is a low concentration scenario. Future climate warming by the end of the century is kept to a maximum of 1.3 K for Germany. In the second scenario greenhouse gas emissions are much higher and reflect actual emission very well. Warming is much more pronounced and is between 2 and 5.5 K by the end of the century. For each RCP the minimum (TMin), median (TMed) and maximum (TMax) temperature trend from 23 model runs calculated in the CMIP5 program (http://cmip-pcmdi.llnl.gov/cmip5/availability. html) is used. Applying the statistical regional climate model STARS (STatistical Analog Resampling Scheme) Gerstengarbe et al. (2015) produce 100 realizations (ensemble runs) for each scenario. Overall six scenarios, RCP 2.6 and 8.5 each with TMin, TMed and TMax, are used in this study.
3R e s u l t s
Results shown are mean values derived from 100 STARS-realizations of each RCP scenario. Selected parameters -the value below which 5 percent of the results are located (Q5), the median (Q50), and the value exceeded by only 5 percent of the results (Q95) -illustrate the range of results given by the large set of realizations.
Thermal power plants
Results for scenario RCP 8.5 for thermal power plants without and with cooling tower are displayed in Figs. 8 and 9. Regions with the most severe effects are found in the central north western part, the river Weser basin, and the central south western part, the river Rhine basin with its tributary rivers Neckar and Main. In these regions for thermal power plants without cooling tower a mean annual utilization of 94 percent is simulated for the scenario period 2031-2060, i.e. a total stand still of 22 days per year. For thermal power plants with cooling tower a mean annual utilization of 99.4 percent is simulated, i.e. a total stand still of 2.2 days per year. Compared to the reference period (not displayed) this is a doubling (without cooling tower: 97 percent or 11 days total stand still) and an increase by a factor of three (with cooling tower: 99.8 percent or 0.7 days total stand still) for these regions.
Hydro power generation
River discharge for 38 gauges in Germany was simulated using the ecohydrological model SWIM (see Hattermann et al., 2015) . These gauges are located along the most important rivers and their tributaries (see Fig. 10 ). Using the simulated river discharge and the relation between changes in discharge and electricity generation described above, for these gauges changes in generation potential compared to the reference period results for the minimum, median and maximum temperature trend, with the 5 th ,5 0 th and 95 th percentiles from 100 STARS-realizations are given. For RCP 2.6 (Fig. 11 ) changes of 8 percent (TMin), 3 percent (TMed), 2 percent (TMax) for the 50 th percentiles (Q50) from 100 STARS-realizations are simulated. For dry realizations (TMax Q05) a decrease of up to 15 percent, for wet realizations (TMin Q95) an increase of up to 35 percent is found.
For RCP 8.5 (Fig. 12 ) changes of −7 percent (TMin), −11 percent (TMed), and −18 percent (TMax) for the 50 th percentiles (Q50) from 100 STARS-realizations are calculated. For dry realizations (TMax Q05) a decrease of up to 30 percent, for wet realizations (TMin Q95) an increase of up to 15 percent is calculated.
Wind power generation
Using the wind speed calculated by STARS for the selected weather stations and the described power curve, changes in generation compared to the reference period are simulated. In Fig. 13 changes for RCP 2.6 (left) and RCP 8.6 (right) are shown. Overall the changes for RCP 2.6 are rather small and no clear trend is visible (light bluish and light reddish colors dominate). For RCP 8.5 the change signals are somewhat more pronounced. Especially for parts in southern Germany a decrease of 2 percent is found. For the northern parts and some stations in central and southern Germany located on mountains an increase of up to 3 percent is simulated.
In Fig. 14 monthly changes, the 50 th percentiles (Q50) for the minimum, median and maximum temperature trend averaged over Germany, for RCP 2.6 and RCP 8.6 are displayed. For RCP 2.6 no clear signal is visible, while RCP 8.5 shows an increase from November to February, and a decrease for the rest of the year.
Discussion and conclusion
In this study possible effects of climate variability and change on electricity generation in Germany are analyzed. Hydro power generation and thermal power plants are affected negatively due to declining river discharge or higher water temperatures. For wind power generation no clear trend was found. The reduction calculated for hydro power generation could be leveled out by a slight increase in installed capacity and modernization of turbines and generators (cf. Koch and Grünewald, 2011) . The negative effects for thermal power plants can be reduced significantly by replacing old once-through cooling systems by closed-circuit cooling systems (cf. Koch et al., 2012 Koch et al., , 2014 . The planned increase of installed capacity for wind power generation clearly surpasses the changes arising from climate change.
The results presented are produced using more or less simple approaches. However, data, e.g. technical parameters for the respective type of electricity generation, are rarely available for individual generation units encompassing the whole of Germany. Therefore, the results give only a general overview in which regions and to what magnitude the analyzed types of electricity generation can be affected by climate change. Despite these shortcomings, the application of different Representative Concentration Pathways (RCP) and 100 statistical realizations of a regional climate model can give useful information. For instance positive effects of reduced greenhouse gas emissions (RCP 2.6 compared to RCP 8.5) can be found for all presented types of electricity generation. The calculation of percentiles from 100 realizations shows the range of possible effects arising from the used climate regionalization. The wide spread of results on the one hand complicates adaptation, on the other hand it can foster flexibility in planning processes.
Although different climate scenarios are used in this study some restrictions of the results need to be mentioned. As shown by Hattermann et al. (2015) and Gädeke et al. (2013) the selection of the regional climate model affects the results for river discharge. While some give a rather dry future, like the one used in this study, others show little changes in discharge or even an increase. Since the change in river discharge is the only parameter used in the calculation of changes in hydro power potential, the application of other regional climate models can lead to different results. For thermal power plants the main factor affecting production is the water temperature (cf. Koch et al., 2014) . Therefore, the application of other regional climate models, all giving a temperature increase, will not lead to different trends compared to those presented.
The results presented for wind power generation overall confirm the results of Koch and Büchner (accepted) using data from the regional climate model CCLM for Germany.
